INTRODUCTION
Comprehensive anaerobic bacteriology of clinical specimens is an expensive and time-consuming operation. Laudable pus from an intra-abdominal abscess, for example, may harbor multiple aerobic and anaerobic microorganisms, and it may require 1-2 wk for complete bacteriologic identification of these strains (1, 2) .
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Received for publication 11 September 1974 and in revised form 8 October 1975. Bacterioides fragilis is particularly important to recognize since this organism appears to be more virulent than other anaerobes. In addition, B. fragilis has unusual antimicrobial susceptibility patterns since it is relatively resistent to penicillins, cephalosporins, and tetracyclines. Hence, an early indication of B. fragilis in infected material would be a useful guide to the choice of appropriate antibiotics.
We have attempted to develop a rapid test for the presence of anaerobic bacteria in clinical specimens based on their metabolic activities. These microorganisms, particularly bacteroides, clostridia, and fusobacteria, produce short-chain fatty acids (SCFA) ' from metabolism of carbohydrate and protein. Such end products are so regularly produced that they can be used for taxonomic purposes (3) . It was hoped that these acids could be detected in purulent material and thereby serve as fingerprints for the presence of putrefactive anaerobes.
METHODS
Specimens of pus and body fluids were rapidly delivered to our laboratory after collection. Care was exercised to collect fluid samples from the infected site and to avoid contamination with sources of normal flora such as skin, vaginal mucosa, or intestinal effluent. The specimens were collected in tubes rendered oxygen-free by gas exchange with CO or in syringes that had been sealed to prevent entrance of air. Samples were divided for aerobic and anaerobic bacteriology and for gas-liquid chromatography (GLC) analysis.
Anaerobic bacteriology was performed with prereduced media in suitable anaerobic conditions, as previously described (3, 4) . A Gram-stained slide was prepared of the initial specimen for interpretation by three experienced microbiologists. Culture results, Gram-stain findings, and GLC determinations were recorded for each specimen with-'Abbreviations used in this paper: GLC, gas-liquid chromatography; PYG, peptone-yeast glucose; SCFA, shortchain fatty acids; VFA, volatile fatty acid.
out knowledge of results of the other studies. The code was broken at the conclusion of the study.
GLC. SCFA are resolved into two broad classes on the basis of susceptibility to steam distillation. The volatile compounds can be chromatographed directly. i.e., acetic, propionic, isobutyric, butyric, isovaleric, and valeric acids. Nonvolatille compounds such as lactic and succinic acids must be derivatized to encourage chromatographic volatility.
Specimens were prepared for GLC by dilution of 1 vol of purulent material with 1 vol of 5% aqueous H2SO4. After chilling in an ice bath, a small amount of NaCl and 1 vol of diethylether were added. The complete specimen was agitated, centrifuged at 50C, and 2.0 jul of the organic phase was injected onto the chromatographic column for volatile fatty acid (VFA) determination. Relatively poor ethereal extraction of acetic (< 10%) and propionic (< 50%) acids are obtained with these procedures. Longer chain acids, including butyric acid, isobutyric acid, and succinic acid, those of primary interest to this study, are extracted well (> 90%o ).
For methyl esters, an additional acid-diluted sample was prepared. A volume of boron trifluoride methanol equivalent to the pus, and an acid diluent was added. The final product was incubated at 55°C in a water bath for 30 min, and extracted with 1 vol of chloroform. 2 IAI was injected into the GLC for methyl ester analysis. If the volume of the specimen was very small, the ether phase was evaporated after VFA analysis at 350C with a gentle nitrogen stream. The subsequent steps of methylation and injection were the same as described above. Parallel analyses with known acid concentrations revealed uniform lactic and succinic recoveries from identical portions whether methylated directly or shaken with ether, subjected to gentle organic-phase evaporation, and then methylated.
Packard 419 (Packard Instruments Co., Inc., Downers Grove, Ill.) and Shimadzu GC4BMPF dual-column gas chromatographs (Shimadzu, Seisakusho, Ltd., Kyoto, Japan) equipped with flame ionization detectors were employed. Chromatographic deflections were visualized on Honeywell (Honeywell Inc., Minneapolis, Minn.) and Shimadzu 1.0-mV span recorders, and peak areas were interrupted as uV s on a Shimadzu ITG-2A electronic digital integrator. 2.0-,ul samples were injected with a 5-i1
Hamilton syringe (Hamilton Company Inc., Whittier, Calif.) directly onto coiled, silylated Pyrex columns, 6 feet long X 2 mm internal diameter. The analytical columns contained 6% Carbowax 20M-terephthalic acid on 80/100 mesh Gas-Chrom Q (Applied Science Labs, Inc., State College, Pa.). Peak identity was verified by chromatography on an alternate phase (10% Carbowax 20M, unconjugated at elevated column temperature, and carrier flow (150'C and 30 ml/min). The specimens were supplemented with a n-hexanoate (volatile analysis) and malonyl dimethyl ester (derivatized analysis) as relative retention times standards for both phases. Routine analysis conditions included: injection and detector blocks, 200°C: oven isothermal at 125°C: nitrogen, hydrogen, and air flows, respectively, at 30, 30, and 300 ml/min. Detector sensitivity was customarily set at 2.5 X 10"1 A while 2.5 X 10' A was utilized to detect and confirm trace amounts of metabolites.
Integration values compiled at the lower sensitivity were related to standard curves for conversion to micromoles per milliliter. Titrated aqueous solutions of SCFA were diluted in sterile human ascitic fluid, extracted, and chromatographed to obtain the standard values. The chromatogram development times were 9 min for valeric acid and 7 min for succinyl dimethyl ester. Thus, total time for submission of the pus specimen to the conclusion of chromatographic analysis was approximately 30 min.
To ascertain the accuracy of the method, ascitic fluid was supplemented with known organic acid concentrations at levels likely to be encountered in purulent specimens. No acids were detected in the ascitic fluid at 2.5 X 10'1 A before supplementation. Mean recoveries for triplicate injections of all acids had an average relative error of 9% from the true concentrations. The relative SD (precision) encountered was 10.2% based on replicate analyses of isovaleric acid. Acetic and propionic acids could be reliably detected to the 1 ,umol/ml level, and all other acids to 0.1 ,tmol/ml. SCFA production in vitro. All of the anaerobes recovered in this study were isolated in pure culture, and were grown for 48 h under anaerobic conditions in prereduced peptone-yeast glucose (PYG) broth, according to the method of the Virginia Polytechnic Institute, Blacksburg, Va. (3). SCFA were analyzed by GLC, and the results formed the basis of the taxonomic designation of the particular strain.
In an effort to more closely simulate the actual metabolic events in vivo, we incubated bacteria in human ascites fluid for prolonged periods of time. The chromatographic patterns of bacterial end products under these conditions were compared with those obtained in PYG after 48 h of growth. Five strains of B. fragilis and one strain of Escherichia coli were employed in these analyses. In each instance the isolate was recovered from a clinical specimen used in the study. For the anaerobes, approximately 0.1 ml of an 18-h PYG broth culture was inoculated into 10 ml of sterile, human ascitic fluid. This was incubated at 370C in the anaerobic chamber with an atmosphere of 5%o CO2, 10% H2, and 85%o N2. 0.5-ml aliquots were removed for GLC analysis at intervals of 0, 24, 48, 72, 168, 336, and 672 h. The E. coli strain was incubated in atmospheric air and was processed in a similar manner.
RESULTS
Comparison of bacteriological data and GLC determinations revealed that the acids that most reliably indicated the presence of putrefactive anaerobes were isobutyric or butyric acid in the volatile series, and succinic acid in the methylated group. Concentrations of 0.1 imol/ml or greater of these acids were considered a significant concentration by the techniques of our analysis.
Purulent material writi significant concentrations of isobutyric, butyric, or succinic acid. 20 clinical specimens of pus or body fluids had significant quantities of either isobutyric, butyric, or succinic acid (Table I ). The sources of the infections were: abdominal abscesses or wounds (nine cases), perirectal abscess (n = 2), empyema (n = 3), decubitus abscess (n= 2), submandibular abscess (n = 2), prostatic abscess (n = 1), and brain abscess (n = 1). Isobutyric acid was detected in 12 samples, butyric acid in 14, and succinic acid in all 20. Small concentrations of acetic and lactic acid were present in many of these specimens, but these acids appeared in the noninfected body fluids as well (see below).
Diagnosis of Anaerobic Infections by Direct Gas-Liquid Chromatography Examination of Gram-stained slides of these 20 purulent specimens revealed Gram-negative bacilli in 14, as determined by three observers in double-blind readings. However, the morphologic features in only five slides were sufficiently distinctive to suggest anaerobes.
Cultures generally yielded a complex miscellany of aerobic and anaerobic forms. B. fragilis was present in 15 specimens, usually associated with other anaerobic bacteria. In only one specimen, a suppurative abdominal wound (case 6) was B. fragilis recovered in pure culture. Bacteroides melaninogenicus was isolated in one case of putrid empyema, associated with a neisseria species. An unclassified bacteroides species was recovered from a case of brain abscess. Fusobacteria were found in 7 cases; in 5 instances a bacteroides was coexisting, but in 2 patients (cases 2 and 15), Fusobacterium nucleatum was the only anaerobic isolate. Other anaerobes commonly found in combination with either bacteroides or fusobacteria were Gram-positive cocci (peptostreptococci or peptococci) in nine cases, clostridia in four, and eubacteria in four.
There was one false-positive specimen that contained isobutyric, butyric, and succinic acids (case 19). This was a sample of foul-smelling pleural fluid from a case of empyema associated with a subphrenic abscess. Culture of the empyema fluid yielded E. coli, enterococcus, Peptostreptococcus intermedius, and Veilonela parvula, but no bacteroides or fusobacteria. The Gram stain of the pus, however, showed thin pleomorphic Gramnegative bacilli. Furthermore, culture of the adjacent subphrenic abscess yielded B. fragilis in addition to the organisms recovered in the pleural fluid specimen. In this instance, there may have been a failure of culture techniques with the empyema specimen since other parameters suggested the presence of Gram-negative anaerobic bacilli. Fig. 1 shows the chromatographic pattern of pus obtained from a pelvic abscess (case 11). This specimen yielded acetic, propionic, isobutyric, butyric, and isovaleric acids in the volatile fraction, and lactic and succinic acids in the methylated series. Our cultures revealed B. fragilis, peptococcus, and peptostreptococcus from the same specimen.
Another example is purulent discharge from a perirectal abscess (case 8) which showed large concentrations of butyric and succinic acids by GLC analysis (Fig. 2) . The culture of this specimen produced B. fragilis, anaerobic cocci, a clostridia species, and coliforms.
Purulent material without significant concentrations of isobutyric, butyric, or succinic acids. There were 18 specimens of infected material that yielded microorganisms on culture but failed to demonstrate significant concentrations of isobutyric, butyric, or succinic acid (Table II) . All samples were grossly purulent, and were obtained by direct aspiration from empyema (six cases), intra-abdominal abscess (n = 4), perirectal abscess (n = 2), liver abscess (n = 2), septic joint (n =2), breast abscess, (n = 1), and stump abscess (n = 1 Specimens cultured in outside laboratories that failed to grow anaerobes. During the period of our study, six specimens of pus that were cultured in other laboratories not possessing optimal anaerobic capabilities were submitted to us for GLC analysis. These were samples collected from cases that clinically suggested anaerobes i.e., three cases of abdominal abscess, one pelvic abscess, one rectal abscess, and one gluteal abscess. The outside laboratory was unable to isolate anaerobes from these specimens, although coliforms and enterococci were present. A considerable period of time elapsed (1-3 days) before the specimens reached our laboratory, and we were also unable to recover anaerobes. All six specimens yielded significant concentrations of succinic acid, and three also showed isobutyric or butyric acids. It appears that these metabolic markers may have persisted in clinical specimens longer than the anaerobes themselves. Thus, these specimens technically represented false-positives, although it could reasonably be argued that the delay in culture precluded the isolation of fastidious anaerobic bacteria from such specimens.
Effect of growth media on SCFA production. The presence of C4 volatile acids, particularly in cases 6, 14, and 17, led us to examine in vitro organic acid production by B. fragilis. This organism was the only likely source of the isobutyrate and butyrate in these cases. However, C4 acids are seldom recovered with the conventional chromatographic methods employed for laboratory identification of B. fragilis. Using human ascitic fluid for culture medium and extended periods of observation, all five strains of B. fragilis produced isobutyrate and butyrate (Table III) . Both compounds were detected in limited quantities, but isobutyrate production was clearly favored. In a similar study with E. coli, abundant succinic acid was produced in vitro. Our studies suggest that direct gas chromatography of clinical specimens offers a rapid and reliable method of identifying putrefactive anaerobes in clinical specimens. All purulent samples containing B. fragilis had significant quantities of succinic acid, and many also had isobutyric and butyric acids, as measured by these techniques. It should be noted that these acids were not specific for B. fragilis since there were specimens with fusobacteria and B. melaninogenicus that showed these products. However, this pattern was not seen in sterile specimens or in infections caused by aerobic organisms or anaerobic organisms such as Gram-positive cocci and Gram-positive rods. Although GLC is not absolutely diagnostic of B. fragilis, in that other Gramnegative anaerobes may be responsible, there is enough evidence, in our view, from this rapid diagnostic technique to initiate specific antibiotic treatment for this virulent pathogen. Therapy should be modified by results of culture which will eventually become available.
In the 20 yr since GLC has been developed, many workers have used this sensitive technique for microbial taxonomy and the diagnosis of infectious diseases (5) . The classification of microorganisms have been based either on analysis of metabolites in spent culture media (6) (7) (8) (9) (10) or on the structural components of the bacterial cell itself (11) (12) (13) (14) (15) . Variations of these basic themes have been used to classify clostridia, neisseria, coliforms, bacillus, mycobacteria, and pseudomonas.
Several investigators have attempted to identify specific infections in laboratory animals and in patients by GLC analysis of blood, stool, or urine. Mitruka and co-workers (16) (17) (18) (19) (20) have analyzed serum samples with GLC to diagnose experimental viral and bacterial infections. A recent report by Brooks et al. (21) has suggested that GLC might be useful in the differential diagnosis of arthritis.
Diagnosis of Anaerobic Infections by Direct Gas-Liquid Chromatography
The use of GLC for detecting bacterial infections represents a departure from classic bacteriology in that we are not as concerned in the first instance with growth of the microorganisms in artificial culture media as we are in detecting metabolic fingerprints of its presence in pathologic tissue. Our demonstration of SCFA is only one approach that may be useful with anaerobes. Microorganisms have other metabolic pathways that are distinct from their host, and these may prove susceptible to analysis with the gas-liquid chromatograph for rapid diagnostic purposes.
